Introduction
Thus far, high field phosphorus (31P) spectroscopy in humans has been limited to diffuse liver disease, due to the difficulty of obtaining proton images to prepare the phosphorus chemical shift imaging (CSI). Ultra-high field (> 4T) magnetic resonance imaging brings phosphorus spectroscopy (31P) to clinically relevant spatial and temporal resolutions and allows for differentiation of relevant metabolites, opening up the possibility of 31P spectroscopy as a non-ionizing method of metabolic tracking of tumor response to therapeutics in patients. 1 The liver is a frequent site for metastases of solid tumors, such as breast, colon, oesophagogastric, and pancreatic cancers. 2, 3 Once metastasized, most cancers are incurable, although overall survival and quality of life may be extended by systemic treatment. 4 Unfortunately, response to treatment varies greatly between patients, even when suffering from the same primary tumor.
5 New tools to measure or predict treatment response shortly after start of treatment are urgently needed to prevent long-term exposure of patients to ineffective treatments. 6 Phosphorus spectroscopy provides a multitude of information on cancer metabolism, and the local environment such as: phospholipid metabolism (phosphoethanolamine (PE), phosphocholine (PC), glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC)), cellular energetics, and intracellular and extracellular pH (via inorganic phosphate (Pi)).
7 These may all be related to (early) treatment response. 7, 8 In the preclinical setting, 31P spectroscopy is already a key tool for elucidating cancer metabolism and quantitative evaluation of new treatments.
9 As such, clinical 31P spectroscopy is of great interest as a potential tool for tracking treatment response.
6
At 7T (300 MHz) collecting a proton image of the liver presents a challenge as the wavelength for proton imaging at 300 MHz approaches the dimensions of the abdomen.
10,11 Therefore, conventional approaches using volume coils (e.g. birdcage) or loop coils for acquiring scout images for preparing 31P scans or anatomical images on which to overlay spectra results (localizer images) no longer give sufficient penetration depth for proton imaging at high field. 12, 13 There is no body coil in the bore of the 7T, nor are receive loops present in the bed.
Antennas propagate electro-magnetic fields directly into the tissue, and thus enable improved penetration depths over loops and microstrip elements, overcoming many of the challenges associated with body imaging at 300 MHz. 14, 15 In addition to poor penetration depth, at high field destructive interference causes inhomogeneity of the transmit field, 16 which can be minimized by a technique known as B1+ shimming. In B1+ shimming, the transmit profiles of each element are mapped in order to determine the required input phase (and optionally magnitude) of the excitation pulses sent to individual transmit elements in order to reduce destructive interference in the region of interest. 10, 16, 17 In practice, B1+ shimming requires a system capable of independent control of multiple transmit channels that can operate simultaneously, namely a parallel-transmit system.
Motivated by the potential of 31P ultra-high-field spectroscopy as a means of optimizing treatments on an individual patient level, and recent successes with antenna elements for body imaging at 300 MHz, we set out to develop a hardware solution and imaging protocol to obtain phosphorus spectroscopy and corresponding parallel-transmit anatomical images for cancer patients with metastatic disease in the liver. Here we present the use of antennas to improve penetration depth for multi-nuclear spectroscopy, as an improvement over the common practice of using loops for obtaining localizers for phosphorous spectroscopy, 18, 19 and demonstrate the need for the combination of parallel transmit with phosphorus spectroscopy (Fig. 1) . We provide aggregate data (n=9) demonstrating the limiting coverage of the two antennas underneath the 31P loops, and present 3D CSI 31P spectra of a patient with metastatic liver cancer superimposed on an anatomical image collected with a parallel-transmit system that combines the two elements with another six elements.
Methods
A custom liver coil (MR Coils, BV, Zaltbommel, The Netherlands) was built for use with a 7T Philips system (Philips, Cleveland, Ohio, USA) consisting of eight fractionated dipole antennas (30 cm from end to end of the conductors-according to Raaijmakers et al. for transmit and receive of the proton (300 MHz) signal, 20 and two partially overlapping loops (20 cm in diameter) for transmitting and receiving the 31P (120 MHz) signal. The study was approved by the internal review board, and written informed consent was obtained from all participants. A phantom filled with a 55% solution of alcohol in water with 4.8 g/L salt (permittivity of 36 and a conductivity of 0.43 S/m) was used to demonstrate penetration depth of a single transmit element.
The multi-nuclear experiment and associated proton imaging were conducted with two (out of eight) antennas (300 MHz) and the two overlapping loops (120 MHz). For each frequency, the pairs of elements were combined with quadrature hybrids (+90-degree for transmit, -90-degree for receive). Power was optimized for the 31P sequence by using a flip-angle sweep to identify the maximum signal intensity in a phantom (detailed above) and verified in a participant. Similarly, the optimal power level was found for the proton antennas as evaluated in a phantom and verified in vivo, to verify that the desired flip-angle was in agreement with the actual flip-angle. Adiabatic pulse-acquire scans were performed for the multinuclear experiments; therefore, we did not further optimize the transmit power.
As of yet, no commercially available 7T body MR system can simultaneously support parallel transmit proton imaging and multi-nuclear experiments. Therefore, the scanner was rebooted mid-session in order to access the transmit chain for the multi-nuclear experiment (Classic mode) for half of the examination, and the parallel-transmit capable transmit chain (Multix mode) during the other half of the experiment.
Classic-mode protocol: Proton ( 1 H) localizer images were obtained using two antennas in quadrature for ROI-based B0-shimming (2 nd -order) with a gradient echo MRI (parameters listed below). Phosphorus spectroscopy data was acquired with quadrature-combined overlapping loops. A pulseacquire sequence (block pulse, 30° flip angle, 2048 samples, 8192 Hz BW, TR 1 s, 24 averages) was used to set the center frequency to correspond with PE. We obtained 3D CSI scans with field of views (FOV) of 320 mm × 320 mm × 320 mm TR/TE 700/0.4 ms and 40 mm isotropic voxels, with a total imaging time of 5 minutes per average. An adiabatic half passage RF pulse was used for pulse-acquire for the 3D CSI with a tanh/tan shape, 2-ms-pulse duration, and maximum frequency modulation of 21 kHz (174 ppm).
Multix-mode protocol:
The parallel transmit protocol was adapted from previous work using the same antenna elements for imaging the prostate, pancreas, and kidneys (e.g., 21 ). B1 and B0 shimming were performed using an image-based shim tool (MR Code, B.V., Zaltbommel, The Netherlands). Regionof-interest B0 shimming (2 nd order) was performed on a reference scan, and B1-shimming was conducted by mapping the B1 of each transmit antenna and calculating the relative phase offsets using a third-party software application running on the scanner host (MR Code, B.V., Zaltbommel, The Netherlands).
Images were acquired with a gradient echo using TR/TE 4.97/2.42 ms, 40° flip angle, 300 mm × 330 mm × 330 mm field of view, and voxels of 0.8 mm × 0.9 mm × 5 mm. Dixon images were collected in both modes (multi-slice gradient echo, 20 slices, TE1/TE2/TR 2.65/3.15/10 ms, 15° flip angle, 250 mm × 300 mm × 80 mm field of view, 276 × 276 encoding in 4-mm-thick slices, 3 averages, 109s acquisition). 22 The field of view for obtaining water images with the Dixon method in the patient was adjusted to 234 mm × 359 mm × 80 mm. the number of points (from 512 to 1024), zero-order phase corrected, and 1 st -order (0.4 ms) phase corrected.
While considerable work has been done to characterize the use of eight-antenna arrays for body imaging, this is the first time that two antennas have been used as a means of localizing an anatomical target for multinuclear spectroscopy. Therefore, we characterized the depth of the sensitivity profile (calculated as 1.5 times greater than mean background signal) for nine participants along three axis: anterior/posterior (A/P), left/right (L/R), and head/foot (H/F). In order to evaluate the needed depth to provide full coverage of the liver, we characterized the depth of the liver along the same three axis for young (<40 years) healthy volunteers (2 male, 3 female). All length measurements are reported as the mean accompanied by standard deviation of the sample population in parentheses.
Results
We have successfully combined multinuclear spectroscopy 8-channel antennas and parallel-transmit anatomical data in a single exam. The liver and full axial slice of the abdomen can be visualized with eight transmit/receive antennas ( Fig. 2 ). Two antennas with fixed-transmit phases allowed the Couinaud system left and right hemi-livers to be visualized (Fig. 3) . However, the liver-coverage achieved by two antennas was insufficient to visualize the boundaries of four out of nine (44%) of the healthy volunteers scanned. Aggregate data compare penetration depth (n=9) with liver depth (n=5 as four of the livers were not fully visualized) for each direction (Table 1 ). The penetration depth in the R/L and H/F direction exceed the needed depths for visualizing the liver, although the A/P penetration is approximately equal to the liver depth, and is therefore a limitation. The coverage in the H/F axis exceeds the needed coverage by two-fold. A gradient echo image demonstrates that a single antenna can provide signal along the entire depth of a 20-cm deep phantom (Fig. 4) .
While the right and left hemi-livers (Couinaud system) can be imaged with two antennas combined in quadrature, full visualization of the liver is not possible due to voids in the image (observable in Fig.  3 ). Parallel transmit with eight antennas allows for B1-shimming to overcome these image voids. Fig.  5 presents the identical slice performed with and without B1-phase shimming. The voids due to destructive interference are outlined in blue to aid comparison between the images. The eight antennas provide coverage of the complete region of interest (Fig. 6 ). Fig. 7 shows results from a patient with liver metastases of oesophago-gastric cancer. Spectra from the liver and from the tumor allow differentiation of PE and PC. The 31P 3D CSI is projected onto a Dixon image. PE and PC appear with equal peak heights in the liver volume, where as in the tumor, the PE peak is greater than the PC peak.
Discussion
We have developed a protocol for obtaining multi-nuclear and parallel transmit data and demonstrated results in a patient. The field of view of two antennas on top of the 31P loops allowed for gradient echo imaging of the liver for region-of-interest-based B0 shimming and tumor-aligned placement of the 31P 3D CSI matrix. With such a setup it is possible to locate tumors anywhere within the liver in order to optimally position the imaging matrix of 3D CSI, using the two-channel proton transmit channels available during multi-nuclear scan sessions. In the present study, the two-antenna set up failed to image the complete liver boundaries in half of the participants (four of the nine healthy volunteers, and in the patient), and there were signal drop outs within the liver for all volunteers. However, with eight-antennas, it is possible to image the entire abdomen, and to avoid image voids in the liver by B1-shimming.
In the present study, a local coil was used to excite the phosphorus signal. In order to overcome transmit inhomogeneity associated with surface coils, we combine adiabatic pulses with 3D CSI for localization as it is known to be less B1-sensitive than other methods. 24 Breathing-belt triggering 25 would stretch a 3D CSI single average acquisition to 25 minutes (5x increase), and was therefore deemed impractical. A limitation of the present study is that the adiabatic pulse was optimized for a uniform magnitude over the bandwidth, and not for phase which resulted in the introduction of nonlinear phase offsets across the spectra. Use of a BIR4 pulse, such as that used by Runge et al. for refocusing 19 would provide a more uniform phase across the bandwidth of the adiabatic pulse. Additionally, we can improve the penetration depth of the 31P data by optimizing the adiabatic pulse for a lower threshold B1. The TR of the present study was insufficient to overcome saturation effects in the absence of a spoiler gradient due to the widely varying longitudinal relaxation (T1) of relevant metabolites.
18,26 Spectral quality could be improved through B1 calibration per individual and volume depth, which has the added benefit of allowing for T1-saturation correction. The use of a B1-calibration reference marker (such as in 18 ) would also facilitate quantification of metabolite concentration. Further improvements in spectral SNR are possible through implementation of various imaging techniques including AMESING, 19 DIMEPT, 27 and proton observed phosphorus editing.
28
Although not widely available, hardware improvements can also be used to boost the 31P SNR. Purvis et al. use a 16-channel phosphorus receive array 18 to acquire 31P of the liver and have demonstrated the use of a 31P birdcage for transmit in combination with a 31P receive array for cardiac studies.
29
To our knowledge, 7T 31P methodologies for the liver have focused on diffuse liver disease using loops for 1H imaging with partial coverage of the liver (<50%). 18, 19 Full coverage of the liver is not necessary for diffuse liver disease applications. Runge et al., use two quadrature-combined overlapping 15-cm-diameter coils wrapped around the liver. 17 Signal is concentrated within a depth of 6 cm, falling off by 8 cm, and indistinguishable from noise in some locations at 8 cm and at most 12 cm from the surface -half of the right lobe and the entire left lobe of the liver are outside of the field of view (see Fig. 1 adapted from   19 ). Purvis et al. use a 10-cm-diameter loop coil to achieve partial coverage of the left and right lobes of the liver, with signal concentrated within 6 cm of the surface of the participants, and indistinguishable from noise by 10 cm (see fig 1a and 2c in 18 ). While Runge et al., opted for a dual-tuned coil, Purvis et al., remove the 1H coil and replace it with a 31P coil array after acquiring localizer images and performing B0 shimming. By comparison, using antennas in place of loops for 1H imaging, we were able to image the left and right hemi-livers (Couinaud system) using two quadrature-combined elements, while simultaneously doubling the field of view. As antennas (1H frequency) and loops (31P frequency) are inherently decoupled, 18,30 we did not have to either remove the 1H setup after B0 shim, or include additional circuitry (which can decrease SNR) to decouple the 1H and 31P elements.
In vitro evaluations of phospholipid metabolism in primary (hepatocellular carcinomas) and secondary (adenocarcinomas and squamous cell carcinomas) malignant tumors of the liver can clearly differentiate between tumor-containing and non-tumor-containing samples from a patient.
31 Although in vivo 31P at lower field strengths is limited to large tumors, 31P as a marker for treatment response in hepatic primary (hepatocellular carcinomas) and liver metastases (adenocarcinomas and squamous cell carcinomas) has proven useful for identifying responders and non-responders, 32 even in the absence of evidence of treatment response in anatomical images. 33 At lower field strengths, providing reliable measures that differentiate between controls and tumors is challenging due to partial volume affects 34 and the overlap in the peaks of the PME's PC and PE and the phosphodiesters (PDE) GPC and GPE due to the limited spectral resolution. 31, 34 In a recent human breast cancer study, the 31P metabolite concentrations (PE, PC, GPE, and GPE), clearly differentiated tumor tissue from healthy controls in vivo at 7T.
35 Ultra-high field in vivo 31P spectroscopy has also been shown to relate to histological markers of aggressiveness such as mitotic count, 36 and aid in the decision tree for determining which breast cancer patients require systemic therapy (e.g. chemotherapy or radiation). 37 In-vivo animal models at 7T have also demonstrated that the ratio of PME to β -adenosine triphosphate (NTP) with 1.5 cm × 1.5 cm × 2 cm voxels clearly differentiated between tumor-containing volumes and liver volumes with no macroscopic tumor.
38
There is an additional and known background signal in the liver not present in breast or prostate phosphorous spectroscopy at 2.06 ppm, corresponding to phosphatidylcholine that is present in the liver and in high concentrations in the gall bladder. 39 As both the spectra presented in Fig. 7 come from voxels near the gall bladder, there are large peaks from phosphatidylcholine (2.06 ppm). Likewise, PCr peaks are present due to contamination from neighboring muscle tissue. The spectra from the patient with liver metastases appears to exhibit a metabolic phenotype with PE > GPE while the peak height of PC is reduced as compared to PE. The same metabolic phenotype, has been identified and correlated to aggressive cancers in NMR. 40 However, this metabolic phenotype is as of yet not validated in vivo, and there is no consensus as to whether the phenotype observed in NMR experiments is because the preclinical models exhibiting the phenotype are not representative of the tumor micro-environment in humans-for example that the high acidity causes the GPC/PC to invert although the PE > GPE (for example in breast cancer). 41 Further investigation within the liver and other tumor sites are warranted to explore the clinical relevance of such a metabolic phenotype.
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. Table 1 Measurements of penetration depths and needed coverage for liver in the anterior/posterior (A/P), right/left (R/L), and head/foot (H/F) directions. Aggregate values are displayed in the table as mean (std) across participants. *Four of the nine participants were excluded in estimating the needed coverage, as the A/P boundary was insufficiently imaged. 
